Measurement and calculation of anhysteretic curves is a well-established method in the field of magnetic materials and is applied to ferroelectric materials here. The anhysteretic curve is linked to a stable equilibrium state in the domain structure, and ignores dissipative effects related to mechanisms such as domain wall pinning. In this study, an experimental method for characterising the anhysteretic behaviour of ferroelectrics is presented, which is subsequently used to determine the anhysteretic polarisation response of polycrystalline barium titanate and a doped lead zirconate titanate composition at room temperature. Various external parameters, such as electric field, stress, and temperature, can significantly affect ferroelectric behaviour. Ferroelectric hysteresis curves can assess the importance of such effects but cannot distinguish their contribution on the different intrinsic and extrinsic mechanisms involved in ferroelectric behaviour. In this work, the influence of compressive stress on the anhysteretic polarisation is measured and discussed. The comparison of the polarization loop to the anhysteretic curve under compressive stress elucidates the effects on the stable equilibrium domain configuration and dynamic effects associated to dissipation.
Introduction
Below their Curie temperature, ferroic materials show a depend ence of the order parameter, not only on the external field experienced at the point of the measurement, but also on the previously experienced field and thermal history. The dependence of the dielectric displacement, D or polarisation, P on the electric field E in ferroelectric materials show similarities to the dependence of the magnetic induction, B or magnetization, M on the magnetic field H in magnetic materials. The order parameter (D, P, B or M) versus field (E or H) measurement is a double-valued hysteresis loop [1] [2] [3] [4] . Starting from an initially demagnetized or depolarized state and increasing the field strength, the ordering parameter follows the 'virgin' or 'initial' curve. At large applied field values, the magnetic moments or electric dipoles align as closely to the field vector as allowed by the system. In this state, the material has reached so-called 'technical saturation'. In the case of ferromagnetic materials, further increase in the magnetic field leads to negligible increase in magnetization. For ferroelectric materials, the situation is more complex, as electrical conductivity can lead to an increase in the apparent polarisation and possible misinterpretation [5] [6] [7] [8] [9] [10] as well as dielectric breakdown. When the field is reduced, the values for the ordering parameter follow a different path. The new value at zero field is called remanence and the field needs to be reduced until the coercive field, or coercivity, at zero M or P is measured. When saturation is reached in both the positive and negative field directions, the hysteresis loop is referred to as a 'major hysteresis loop'.
When the field is not increased to saturation but reversed at an intermediate point, the hysteresis loop is referred to as a 'minor loop'. While there is some evidence of repeatability within the ferromagnetic domain structure after field cycling below saturation observed by magnetic force microscopy [11] , the minor M-H curve, which averages over the domains of the entire sample are strongly history dependent. Minor M-H curves are reported when they resemble the working field of a practical application [12] [13] [14] . Experimentally obtained ferroelectric minor hysteresis loops of polycrystalline Pb(Zr,Ti)O 3 (PZT) have been reported in the context of the Preisach model of hysteresis [15] and nucleation-growth model of ferroelectric switching based on the Gibbs-Landau-Devonshire theory [16] . There are a number of different measurement protocols where the field is applied and reversed in a controlled fashion, while not reaching saturation on both sides of the loop. This is done to determine specific material parameters for practical applications. For example, intergranular interactions and intrinsic switching fields have been measured in magnetic recording media using measurement protocols such as δM [17] . This has allowed the materials used to be tailored to improve the stability of recorded information.
Another example is the first order reversal curve (FORC), where the field is ramped down from saturation to a reversal field and then increased back to saturation [18] [19] [20] . Ferroelectric FORC diagrams have been used to study ferroelectric switching in PZT [21, 22] and Nb-doped PZT [23] . The dependence of dielectric constant on grain size in BaTiO 3 (BT) [24] as well as the film thickness dependence in PZT [25] has also been studied using FORC.
A measure of how a material would respond in the absence of hysteresis is given by the 'ideal curve' or 'anhysteretic curve'. 'Anhysteresis' is the antonym of 'hysteresis' and refers to independence of measurement history and independence of the effects of defects or dissipation. The magnetic anhysteretic curve is a well-established concept for ferromagnetic materials [1] [2] [3] . The anhysteretic curve is used as a simplifying approach to deal with the complexity of real materials. Measurements and calculations of the anhysteretic curve have been reported for wide range of materials, such as multiphase alloys [26] , fine particles [27], permanent magnets [28] , magnetic tapes [29, 30] , and polycrystalline electrical steels [31] . In audio recording, the anhysteretic curve was of great interest due to the near linear dependence at low fields [2] . In analogue recording it was required to linearize the response of the medium to the field in the recording head and, hence, the current in the recording head, which related to the signal amplitude. This is no longer necessary. The anhysteretic curve can be used to study internal stress in bulk [32] [33] [34] . It is also widely used for numerical modelling of electromagnetic devices, where the material constitutive laws are often limited to the reversible contribution, allowing robust computational schemes. The dissipative contribution can then be evaluated using so-called 'a posteriori approaches' [35] . The reversible part is linked to the energetic equilibrium in the domain structure, while the dissipative part is related to a meta-stable equilibrium linked to the presence of defects causing domain wall pinning [36] . Using a similar approach, the anhysteretic curve has been proposed for numerical modelling of ferroelectric materials [37, 38] .
The anhysteretic curve cannot be obtained continously by applying a monotonically increasing field. For magnetic mat erials there are several methods to obtain the anhysteretic curve, which lead to slightly different results, especially at very low fields. It is not possible to remove defects from a material, but it is possible to follow a measurement procedure in which the dipoles are disordered in such a way so as to overcome frictional forces and switching effects in order to reach a true equilibrium value. This can be brought about by a magn etic/electric field, stress, or temperature. In one method, a constant unidirectional field is superimposed with a decaying alternating field. The alternating field starts at an amplitude saturating the material and is slowly decreased until only the unidirectional bias field remains. This procedure is then repeated for different constant unidirectional fields, referred to as bias fields [1] [2] [3] . Sometimes, the anhysteretic curve is replaced by a single-valued curve determined by measuring a number of symmetrical minor loops with decreasing applied field and connecting the tips of the loops [3] . This is not an anhysteretic curve, in the sense that each data point does not correspond to the equilibrium state of the material. An anhysteretic curve can also be obtained by cooling the sample from above the Curie temperature down to the measurement temper ature with an applied external field [2, 39] . This is similar to the well-known thermoremanent magnetization measurement protocol (TRM), with the difference being that here the magnetization is obtained at the bias field, not at remanence as in TRM. Sometimes the anhysteretic remanent magnetization (ARM) is reported. In this case, the bias field is removed after the usual anhysteretic treatment before the value is recorded [28, 29, 40, 41] . The initial slope is referred to as the ARM susceptibility and has a magnitude greater than the conventional initial susceptibility [2] . The anhysteretic curve for magnetic materials is independent of the parameters such as period, time, and amplitude, as long as the amplitude is above the amplitude for technical saturation, the frequency of the signals sufficiently low, and the waveform sufficiently smooth.
One of the mechanisms contributing to hysteresis is the impediment of domain movement by defects, referred to as domain wall pinning. The pinning depends on the type of defect, its size and location. There are, however, some major physical differences between ferromagnetic and ferroelectric materials. In ferromagnetic materials hysteresis is largely a consequence of imperfections in the material since short distance disturbances due to defects have a major influence to the exchange interaction and RKKY (Ruderman-KittelKasuya-Yosida) interaction [1] [2] [3] . Since the Coulomb interaction is less sensitive to short distance changes compared to the exchange and RKKY interactions, the influence of defects plays a less prominent role in ferroelectric materials and the intrinsic contribution due to non-centrosymmetric crystals structure is the larger contribution. The interplay between domain walls and defects and the overall appearance of the ferroelectric hysteresis is still not precisely known. Defect dipoles and free charges contribute to the measured polarization as well as interact with domain walls. The main aim of this work is to introduce the concept of the anhysteretic polarization curve and to demonstrate that it can be obtained experimentally for well-known ferroelectrics.
Experimental method
In this work, the anhysteretic polarisation of polycrystalline BaTiO 3 (BT) and Pb(Zr,Ti)O 3 (PZT) was characterized at room temperature. BT samples were prepared from commercially available powder (99% Sigma Aldrich) which was milled for 3 h in ethanol using zirconia milling balls, uniaxially compacted into disk shape and then cold-isostatically-pressed. The compacted samples were sintered at 1300 °C for 4 h and then ground to the required dimensions. The PZT material used here is the commercially available composition Pb 0.99 (ZrTi 0.47 (Sb 0.67 Nb 0.33 ) 0.08 )O 3 (PIC 151, PI Ceramics), which is electrically and mechanically 'soft' and hereafter referred to as 'doped PZT'. The crystal structure of the samples was confirmed by x-ray diffraction and the data is available as supplementary information (stacks.iop.org/JPhysD/51/075305/ mmedia). For electrical measurements, samples of thickness of 1 mm were used, whereas measurements under mechanical stress were conducted on a cylindrical sample with a diameter of 5.8 mm and a height of 6 mm. Before measurement, the samples were annealed at 600 °C to remove residual stresses and measurement history. During electrical measurement the samples were placed in an insulating oil to prevent dielectric breakdown. A voltage V(t) was applied to the sample by a high voltage amplifier (Trek 20/20C), to obtain an electric field E(T) following equation (1):
where ω = 2πf and f is the frequency, E A is the initial electric field amplitude, k is a damping factor, and E B the bias field. The input signal to the high voltage amplifier as well as the data acquisition and analysis were realized using a LabVIEW program. The polarisation was measured using a SawyerTower circuit with a reference capacitor of 4.65 nF. Electrical measurements under mechanical stress were conducted using a screw-driven load frame (Zwick/Roell Z030) with a sample loading die and oil bath. Here, a Sawyer-Tower circuit with a reference capacitor of 9.7 nF was used. Figure 1 shows the details of how the anhysteretic curve was obtained for doped PZT using a maximum field of E A = 40 kV cm
Results and discussion
, a damping factor of k = 0.015, and a frequency of 0.5 Hz. It was found that a larger damping factor and, hence, more rapid decay did not allow for the frictional forces and switching fields to be overcome, resulting in low measurement repeatability. In contrast, a smaller damping factor unnecessarily increased the measurement time. As shown in figure 1(a) , the polarisation decays rapidly to a value of zero as the electric field amplitude decreases (E B = 0), corresponding to a field depolarisation. This was also observed in the macroscopic P-E loops ( figure 1(b) ), which show the initial development of a remanent polarisation, followed by a subsequent decay of the remanent polarisation to zero with gradually smaller electric field amplitude. In contrast, figures 1(c) and (d) show the influence of a bias electric field (E B = 20 kV cm −1 ), where the final polarisation value obtained after all frictional forces and switching fields are overcome corresponds to the equilibrium state for this par ticular bias field. This final polarisation value was determined for various bias electric field values, allowing for the construction of an anhysteretic curve ( figure 2(a) ). It is important to note that at high bias fields conduction can play an increasing role, necessitating the reduction in measurement time after which the equilibrium value can be recorded.
Figures 2(a) and (b) show anhysteretic polarisation curves compared to representative major hysteresis loops for BT and doped PZT, respectively. The anhysteretic curve lies within the major loop and approaches it at high fields. The anhysteretic curve corresponds to the domain wall positions of true equilibrium at a given electric field. At low fields, the polarisation switching is strongly affected by domain wall motion, which is impeded by pinning and bowing of the domain walls at defects [42] [43] [44] [45] [46] [47] [48] and also depends on the crystallographic direction [49] . The pinning depends on the size, type, and location of the defects. The ferroelectric defect dipoles and free charges contribute to the polarisation that is measured and also interact with the domain walls [50] . The anhysteretic curve, which is a measure of the equilibrium state, therefore, differs most from the non-equilibrium major curve at low fields. At high fields, the hysteresis loop and the anhysteretic curve both become more similar to the virgin curve. This is the saturation region, where the reversal mechanism is least dominated by defects. For BT, the initial anhysteretic susceptibility, defined as the slope of the anhysteretic curve at very low fields, is twice as large as the conventional initial susceptibility. For the doped PZT sample, there is a factor 10 difference between the equilibrium and non-equilibrium susceptibility. The doped PZT composition of the commercially available sample studied here is one where the properties are largely governed by its dopants, which can result in an increased concentration of lattice defects. Due to the lower coercivity of BT, changes are less visible in this material. Since the difference between the anhysteretic polarisation and major loop is more prominent in doped PZT than in BT, stress dependent measurements are presented for the doped PZT only. Figure 3 shows the influence of a uniaxial compressive stress on the anhysteretic and depolarisation curves of doped PZT. It is clear that in this case the anhysteretic curve cannot be produced by linking up the tips of the 'minor hysteresis loops'. The measurements were obtained at f = 0.1 Hz. From comparison of the major loops obtained at 5 MPa in figure 3(a) and 50 MPa shown in figure 3(b) , it is clear that application of compressive stress, for a given level of maximum electric field, reduces the level of hysteresis. A reduction in hysteresis under high stress has been observed in lanthanum doped PZT (PLZT) [51] and PZT [10, 52, 53] . The hysteresis loop changes shape from a square loop to a slanted loop under compressive stress with a corresponding decrease in remanent polarisation P r and coercive field E c , as has been observed previously [10, [51] [52] [53] [54] . Between 5 MPa and 50 MPa P r and E c decrease by approximately 33% and 10%, respectively. There are a number of intrinsic and extrinsic contributions to the reduction in P r . One intrinsic contribution is the reduction of the crystal lattice deformation under electric field due to the external stress [10] . Additionally, there are extrinsic contributions due to change in the domain structure caused by compressive stress. The changes to the domain structure depend on the system and may include domain reorientation through non-180° domain walls and stress induced depinning of domain walls [54] . Domain reorientation in the direction perpendicular to the stress leads to a metastable domain configuration and hence to an increase in domain wall motion [55] . This occurs in materials such as BT-1Fe-1.5Nb and hard PZT and results in an observed increase in loss tangent and dielectric constant [54, 56] . In other materials, such as soft La-doped PZT and BT1Fe-0.5Nb, dielectric properties reduce with compressive stress [51, 54] because domain walls are clamped due to stress [54, 57] . The concept of changing the domain configurations via strain has been suggested as a means to enhance piezoelectric properties [58] . The observed reduction in P r suggests that domains are nucleated more easily under stress. The slanted shape, however, suggests that there is an obstacle to domain wall motion under compressive stress. The reduction of number of domains participating in the switching process under stress leads to a reduction of energy dissipation and hence the area of the hysteresis loop becomes smaller as observed in other materials [54, 57] . A larger electric field is then necessary to align domains as the compressive stress keeps the ferroelectric domains aligned and away from the stress direction. Figure 3 shows how the anhysteretic curve also becomes more slanted under stress. In addition to changes in domain processes under stress, the equilibrium case and hence the anhysteretic curve itself changes with stress. This is due to the stress dependent processes not related to defects. The effects observed are a combination of the intrinsic lattice contributions and extrinsic effects dominated by domain wall equilibrium. The relative contribution of intrinsic and extrinsic effects depends on the material and sample microstructure and has rarely been quantified [59, 60] . For PZT films with a thickness 0.5 µm to 3.4 µm, for example, the extrinsic contribution of domain wall motion to the dielectric properties was estimated to be 25%-50% and is expected to be higher for thicker samples and larger grains [55] . In the case of single crystal Pb(Mg 1/3 Nb 2/3 )O 3 -0.33PbTiO 3 the extrinsic contribution of domain state has been estimated to be 20% from calculations based on experimental data both on as-made samples, and after a polarisation was induced by applying an electric field at elevated temperature [61] (referred to as 'poled and unpoled samples' [4, 62] ). In the polycrystalline material studied here, the extrinsic contribution from domain wall motion is expected to be significantly higher.
The anhysteretic curve allows separating the different mechanisms involved in ferroelectric behaviour. These effects include intrinsic effects, extrinsic equilibrium effects, i.e. the stable equilibrium of the domain structure, and extrinsic effects responsible for dissipation such as defects. The extrinsic dynamic effects are related to domain wall motion processes and lead to the meta-stable domain configuration while the extrinsic equilibrium effects are static and related to the stable equilibrium domain configuration. The major hysteresis loop includes all effects, while an anhysteretic curve removes the extrinsic dynamic effects. At low compressive stresses up to 5 MPa, the doped PZT sample shows a factor 10 difference between the equilibrium and non-equilibrium initial susceptibility. At a compressive stress of 50 MPa this difference is reduced to 3.6 fold. This indicates that the contrib ution of extrinsic dynamic effects is reduced under stress. Further work is necessary to quantify the contribution.
Conclusion
The effect of defects on piezoelectric materials under stress is of technological relevance, as electroactive materials are often exposed to elevated stresses during operation. In this study, the anhysteretic polarisation curves of BT and doped PZT were measured for the first time. The comparison of the anhysteretic curve to its major hysteresis loop is a measure of the influence of defects on the material behaviour. The shape of the hysteresis loop is a combination of the anhysteretic contrib ution and the dissipation mechanism, both of which are sensitive to stress. Comparing both of these gives insights into material behaviour in applications. Future work using computational methods will provide detailed insight into the stress behaviour of ferroelectric materials. Future work including experimental data and calculations of anhysteretic polarisation may help to understand the interplay between ferroelectric domains walls and defects.
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